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Abstract

We have investigated three quantum transport problems in mesoscopic structures that
involve time-modulated effects.

First, we have proposed an experimental configuration for the observation of a nonadiabatic
guantum pumping mechanism. The mechanism is the time-dependent Bragg reflection, proposed
also by us recently. We have also studied various quantum pumping characteristics of the
proposed experimental configuration, and have analyzed in detail the connection of those
characteristics with the nonadiabatic quantum pumping mechanism. The proposed experimental
configuration has the advantage that the pumped current, and its direction, can be controlled by
the tuning of only one phase difference. The pumped current is predicted to be of order
nano-Ampere. We have finished our analysis and have submitted to Physical Review B.

Second, we have investigated the effect of an ac biased metal gate to the generation of spin
current in the heterostructure of low energy gap semiconductor, such as InAsInAlAs
heterostructures, in which the Rashba spin-orbit interaction is important. In the diffusive regime,
we have predicted that the ac biased gate can give rise to spin current of order nano-ampere. \We
have also proposed a non-magnetic and non-optical means of probing spin-current by the use of a
metal gate. We have finished our analysis (Cond-mat/0211559), have presented in the 2003
American Physical Society March Meeting, and have submitted to be referred for publication. On
the other hand, in the ballistic regime, we have finished the formulation and have analyzed the
electron structures of a narrow channel in the presence of Rashba spin-orbit interaction. This part
has been presented in the 2003 R.O.C. Physical Society Annual meeting. Further numerical work
and the analysis for the electron scattering is currently being carrying out in its final stage.

Third, we have studied the heat current in a mesoscopic structure acted upon by ac biased



metal gates. Our preliminary result shows strong correlation between the pumped current and the
heat current.

K eywords: quantum transport, quantum pumping, non-adiabatic, time-dependent Bragg
reflection, finger gates, spin-orbit scattering, Rashba term, spin-current generation, phase
difference.
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Gate-induced nonadiabatic quantum pumping
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‘We propose an experimental configuration for nonadiabatic quantum pumping in a narrow
constriction. Various pumping characteristics are demonstrated. The pumping potential is gener-
ated by ac biasing a pair of finger gate arrays (FGA). Pumping of charges is caused both by the
mechanism of time-dependent Bragg reflections, and by the breaking of the electron transmission
symmetry when the pumping potential is predominately of a propagating type. This propagating

wave condition can be achieved by monitoring a phase difference ¢ between the two FGAs.

Quantum charge pumping (QCP) has become an ac-
tive field in recent years. This is concerned with the
generation of net transport of charges across an unbi-
ased mesoscopic structure by cyclic deformations of two
structure parameters. Original proposal of QCP, in the
adiabatic regime, is due to Thouless.® He considered the
current generated by a slowly varying traveling wave that
has both spatial and temporal periodicity. The adiabatic
quantum pumping (AQP) problem was later cast into an
elegant form by Brouwer.? An experimental confirmation
of AQP was reported by Switkes et al.®> Two metal gates
that define the shape of an open quantum dot were bi-
ased with voltages of the same frequency but differ by a
tunable phase difference. DC response across the source
and drain electrodes is the signature of the AQP. This
has prompted recent intensive studies on various aspects
of AQP.41L

An alternate experimental effort in generating QCP
involves surface acoustic wave (SAW).!? Generated by
an interdigited SAW transducer located deep in an end-
region of a narrow channel, the SAW propagates to the
other end-region of the narrow channel while inducing a
wave of electrostatic potential inside the channel. Elec-
trons trapped in the potential minima are thus trans-
ported along the narrow channel. Both Mott-Hubbard
electron-electron repulsion in each such trap and the adi-
abaticity in the transport are needed to give rise to quan-
tization in the pumped current.!? As such, the channel
was operated in the pinch-off regime.

In this work, we propose yet another experimental con-
figuration for QCP. The pumping mechanism involved,
however, is nonadiabatic in nature, and the channel is
not in the pinch-off regime. A pair of FGA is used for
the generation of pumping potential in a narrow channel.
Rather than locating at a far distance away from the nar-
row channel, the FGA pair sits on top of it. The finger
gates orient transversely and line up longitudinally with
respect to the narrow constriction. As is shown in Fig,.
1, the FGA pair is ac biased with the same frequency
but a phase difference ¢ is maintained between the FGA
pair. Since the wave of electrostatic potential induced
in the narrow channel is directly from the finger gates,
rather than via the SAW, our proposed structure has the

obvious advantage that the working frequency is not re-
stricted to the frequency of the SAW, wsaw = 2mvgaw /d.
Here vsaw is the phase velocity of the SAW, and d is
the pitch in the FGA. Furthermore, when the working
frequency is different from wsaw, the contribution from
SAW to the pumped current will be negligible.

More importantly, we show that the ac biased FGA
pair plays a more subtle role in the generation of QCP.
The FGA pair causes the traversing electron to undergo
time-dependent Bragg reflection — the coherent inelastic
scattering that resonantly couples the electron and pho-
ton. This resonant coupling breaks the transmission sym-
metry when the electrostatic potential has a preferred
propagation direction. The proposed FGA pair provides
a simple way of changing the preferred propagation di-
rection by monitoring a phase difference ¢. That the
contribution of this time-dependent Bragg reflection to
QCP is robust is demonstrated by considering FGA that
consists of only four finger gates. Our time-dependent
scattering approach goes beyond adiabatic condition and
is formally exact.'3.

The potential V(x,t) in the narrow constriction in-
duced by a FGA pair is represented by

N
Viz,t) = 2{1’1 d(z — ;) cos(Q)

i=1

+Va0(x — x; — 0x) cos( + @)}, (1)
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FIG. 1: Proposed system structure. A FGA pair locates on
top of a narrow channel. V' denotes the amplitude of the
potential energy, and ¢ is the phase difference.
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FIG. 2: Total current transmission coefficient versus X, for
(a) R =0.6 A¢, and (b) @ =0.1 Ae. The transmission of the
right-going (left-going) electrons are represented by the solid
(dotted) curve. The subband level spacing is A¢. Parame-
ters @ = 1/4 and ¢ = 7/2 are chosen to meet the optimal
condition.

where N is the number of finger gates per FGA. These
finger gates are evenly spaced, with a pitch d, and are
located at x; = (¢ — 1)d for one FGA and x; + oz for
the other. The relative shift between the FGA pair is
0xr = ad, where the fractional shift 0 < @ < 1. In
the following, we consider the case Vi = Va = V5. De-
pending on the choice of the values for ¢ and «, V(z,t)
will either be predominately of propagating or standing
wave type. A sensible choice can be made from consider-
ing the lowest order Fourier component of V'(x,t), given
by (2V, /d){cos Kz cos Qt + cos[K (x — dx)] cos(Qt + ¢)},
where K = 27". For our purposes in this work, an opti-
mal choice will be ¢ = § and a: = %, in which V(z,t) is
predominately a left-going wave.

The Hamiltonian is H = Hy + Hy(t), where H, =
—% + wZy? contains a transverse confinement, lead-
ing to subband energies ¢, = (2n + L)w,. The time-
dependent part of the Hamiltonian H, (t) is of the form
H,(t) = —53—:2 + V(a,t). Here appropriate units have
been used such that all physical quantities presented are
in dimensionless form.'*

In the QCP regime, the chemical potential p is the
same in all reservoirs. Thus the pumped current, at zero
temperature, is equal to

1=-% [lew@-r@ @

where the total current transmission coefficient
Tho(E) = Xa2nTil . is sunmed over all

I (nA)

FIG. 3: Pumped current versus X,. The choices of parame-
ters are the same as in Fig. 2. The solid, and dashed, curves
correspond, respectively, to Q =06 A e, and @ =01 Ae.

the propagating components of the transmitted elec-
trons, and includes both subband indice n and sideband
indice m. The arrow in the total current transmission
coefficient indicates the incident direction. The sideband
indice m refers to the inelastic process that an electron
with incident energy F emerges from the pumping region
with energy E + mf2.

The unit scales in our numerical results are taken from
the GaAs-Al,Ga;_,As heterostructure system. The val-
ues that we choose for our configuration parameters
are wy = 0.007, subband level spacing Ae = 2w, (~
0.13meV), d=40(~0.32 pm), N =4, and V, = 0.04 (~
0.028 meV A). From the value of Vy, and the assumed fin-
ger gate width ~ 0.05 ym, the amplitude of the potential
induced by a finger gate is ~ 0.056 mV.

In Fig.2, we present the dependence of the total cur-
rent transmission coefficients on p. The chemical po-
tential p, however, is replaced by X, = p/Ac + i,
which integral value corresponds to the number of prop-
agating subbands in the narrow channel. The frequen-
cies are (a) @ = 0.6A¢ (Q/2r ~ 18GHz), and (b)
Q= 0.1A¢ (/27 ~ 3GHz). With the optimal choices
of the parameters ¢ and «, the pumping potential V'(z, ¢)
is essentially a left-going wave.

At integral values of X, the total current transmission
coefficients T, (,) exhibit abrupt changes. This is due
to the changes in the number of propagating subbands in
the narrow channel. Between integral X, values, T, (.
show both valley and dip structures. These dip struc-
tures occur at, respectively, X, = n + 0.6 and X, =
n+ 0.1, n + 0.2 in Figs.2(a) and (b); are the same for
both T, (,); and are resonances associated with inelastic
scattering into a quasi-bound state (QBS) just beneath a
subband bottom.'* On the other hand, the valley struc-
tures occur at different X, for T, and T'—, with T,’s val-
ley occurs at a lower X,. This shows clearly the breaking
of the transmission symmetry by the pumping potential.
Furthermore, the valleys are separated by AX,, = Q/Ae.
This can be understood from a resonant coupling condi-
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FIG. 4: The dependence on wy of (a) the total current trans-
mission coefficient, and (b) the pumped current. The abscissa
is depicted by Xy = pu/Ae + 3 where p = 0.049 (X, = 3.5).
Frequency = 0.0084 in all curves except for the dotted
curve in (b), where Q@ = 0.0014. Parameters ¢ = 7/2 and
a = 0.25 for all curves except for the dashed curve in (b),
where « = 0.2. In (a), the solid (dashed) curve is for T
(T'-), and contributions from the second Fourier component
of V(x,t) are indicated by arrows.

tion &f, = ep—x F,'* where the upper sign is for positive
(right-going) k. From this condition, the valley locations
can be determined, and are at k3 = [(K/2)(LFQ/K?)]?.
These locations, given by X, = ki /Aec + n, are at
X, = 1.19,1.79,2.19,2.79,3.19, and 3.79 for the case of
Fig.2(a), and X, = 1.39,1.49,2.39,2.49, 3.39, and 3.49
for the case of Fig.2(b). The matching between these
numbers and our numerical results in Fig.2 is remark-
able. In addition, energy gaps open up at these k:2|: lo-
cations, causing the drop in the transmission and the
formation of the valley structures. All these results re-
assure us that the aforementioned resonance condition,
or equivalently, the time-dependent Bragg’s reflection,
is the dominant pumping mechanism in our FGA pair
structure. The mechanism is nonadiabatic by nature.

In Fig. 3, we present the X, dependence of the pumped
current for the cases in Fig. 2. The pumped current peaks
when X, lies in between the valley structures in the to-
tal current transmission coefficients. The peaks have flat
tops for the solid curve, when Q = 0.6A¢. Comparing
with the total current transmission curves in Fig. 2(a),
we see that the flat-topped peak in the pumped current
is associated with the situation when the valleys in T,
and T are completely cleared from one another. For

the case when the valleys overlap, such as in Fig.2(b),
the pumped current peaks are no longer flattened, as is
shown by the dashed curve in Fig. 3. However, their peak
values are lowered. It is also of interest to note that the
pumped currents are of order nA. This demonstrates the
robustness of the pumping effect in our proposed FGA
pair. It is also worth pointing out that the pumped cur-
rents are positive in Fig. 3, showing that the net number
flux of the pumped electrons is from right to left. This is
consistent with the propagation direction of the electro-
static wave in V' (z,t).

Thus far, we have explored the dependence of the FGA
pair’s QCP characteristics on X,, or equivalently, on the
electron density in the system. This can be realized ex-
perimentally by the use of the back-gate technique. Mod-
ulation of the width of the narrow channel is another
mode of tuning the QCP characteristics. This can be
realized experimentally by the use of the split-gate tech-
nique. Hence we present, in Fig. 4, the transverse confine-
ment dependence of both the total current transmission
coefficients and the pumped current. The transverse con-
finement is depicted by X, = p/Ae + %, which relation
to the effective channel width is linear, and that, again,
its integral value corresponds to the number of propagat-
ing subbands in the channel. In this mode of tuning the
QCP characteristics, j is kept fixed.

In Fig. 4(a), except for p, which is fixed at 0.049, and
wy, other parameters such as @ = 0.0084, ¢ = 7/2,
and o = 0.25 are the same as in Fig.2(a). The solid
(dashed) curve is for -, (T'-). Both the QBS and the
time-dependent Bragg reflection features are found. The
expected locations of the QBS, given by the expression
Xy = 3+ (n+1)p/(n—Q), should be at 1.1, 2.3, and 3.5,
and they matches the QBS locations perfectly. The ex-
pected locations of the valleys, associated with the time-
dependent Bragg reflection, are given by the expression
Xy, =1+ (n+3p/(p— kL) and they should be at 1.03,
2.1, 3.14 for T-,, and at 1.15, 2.4, 3.73 for T.—. Again,
the matches with the valley locations are remarkable.

Besides, there are in Fig.4(a) two additional valley
structures, indicated by arrows, at which 7', and T al-
most fall one on top of the other. These structures do not
contribute to the pumped current. Furthermore, these
structures are due to the time-dependent Bragg reflec-
tion from the second order Fourier component of V' (x, t).
From the resonant coupling condition &, = ex_2x F €,
the valley locations should be at 3[1+ u/(p — ex)] for
n = 0, where the upper sign is for positive (right-going)
k, and ex = [K(1 F Q/(2K)?)]2. Thus the valley loca-
tions are expected to be at 1.36 and 1.73, which coincide
with the two additional valleys in Fig.4(a). In addition,
the second Fourier component of V (z,t) is in the form of
a standing wave, cos(2K x)[cosQt + sint]. This explains
why that the two valleys appear in both 7', and T,.. We
note also that the contribution from the higher Fourier
components drop quite rapidly, as is seen by comparing
the valleys from the first and the second Fourier compo-
nents of V(z,t).



The X, dependence of the pumped current for the case
in Fig.4(a) is represented by the solid curve in Fig. 4(b).
The peaks have flat tops because the valleys in the corre-
sponding T, T, are well separated. The pumped cur-
rent for & = 0.0014, the same frequency as in the case
of Fig.2(b), is depicted by the dotted curve in Fig.4(b).
The peaks are not flat-topped and the magnitudes are
much smaller because the transmission valleys overlap.
For comparison, we also present the case when the op-
timal choices has not been made. As is shown by the
dashed curve in Fig.4(b), where all parameters are the
same as in the solid curve except that a = 0.2 rather
than 0.25, the basic pumped current peaks remain intact
while additional pumped current peaks can be shown to
arise from the second Fourier component of V'(z,t). This
also demonstrates the robustness of the QCP against the

4

deviation from the optimal choice of the configuration
parameters.

In conclusion, we have proposed a finger-gate array
pair configuration for the generation of quantum charge
pumping. The pumping characteristics have been inves-
tigated and the pumping mechanism understood.
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